In most mammals, the vomeronasal system detects a variety of (semio)chemicals that mediate olfactory-driven social and sexual behaviors. Vomeronasal chemosensation depends on G proteincoupled receptors (V1R, V2R, and FPR-rs) that operate at remarkably low stimulus concentrations, thus, indicating a highly sensitive and efficient signaling pathway. We identified the PDZ domaincontaining protein, Na + /H + exchanger regulatory factor-1 (NHERF1), as putative molecular organizer of signal transduction in vomeronasal neurons. NHERF1 is a protein that contains 2 PDZ domains and a carboxy-terminal ezrin-binding domain. It localizes to microvilli of vomeronasal sensory neurons and interacts with V1Rs. Furthermore, NHERF1 and Gα i2 are closely colocalized. These findings open up new aspects of the functional organization and regulation of vomeronasal signal transduction by PDZ scaffolding proteins.
Introduction
In most mammals, the nose is organized into several chemosensory subsystems, the most prominent being the main olfactory epithelium and the vomeronasal organ (VNO). The VNO plays a critical, though not exclusive, role in the detection of social chemosignals.
Compared with the main olfactory epithelium, vomeronasal signaling mechanisms are less well characterized. Vomeronasal sensory neurons (VSNs) in the apical layer of the sensory epithelium express Gα i2 in concert with one out of ~150 vomeronasal type 1 receptors (V1Rs) (Dulac and Axel 1995; Rodriguez et al. 2002) , whereas neurons of the basal Gα o -positive zone express vomeronasal type 2 receptors (V2Rs) (Herrada and Dulac 1997; Matsunami and Buck 1997; Ryba and Tirindelli 1997) . In addition, members of the formyl peptide receptor (FPR) family represent a third class of vomeronasal receptors (Liberles et al. 2009; Rivière et al. 2009 ). V1Rs respond to multiple chemical cues in bodily secretions of conspecifics, as well as to cues emitted by heterospecific animals (Leinders-Zufall et al. 2000 Kimoto and Touhara 2005; Nodari et al. 2008; Isogai et al. 2011; Ferrero et al. 2013; Kaur et al. 2014; Fu et al. 2015) . Mice deficient for the Gα i2 subunit display accessory olfactory bulb signaling defects and show disturbed aggressive behavior (Norlin et al. 2003) . Gα o1 conditional null mice exhibit reduced olfactory responses to major histocompatibility complex class I antigens, major urinary proteins, and N-formylated or exocrine gland-secreting peptides (Chamero et al. 2011 ). Similar to Gα i2 deficiency, Gα o1 is also involved in male-male territorial and maternal aggression (Chamero et al. 2011) . Current concepts of VNO sensory signaling assume Gα i2 -or Gα o -dependent activation of phospholipase C (PLC), phosphatidylinositol-4,5-bisphosphate (PIP 2 ) breakdown into IP 3 and DAG, and opening of TRPC2, a nonselective cation channel (Liman et al. 1999; Lucas et al. 2003; Liman and Dulac 2007) . Because residual responses are still observed in Trpc2 −/− mice (Leypold et al. 2002; Kelliher et al. 2006; Zhang et al. 2010; Kim et al. 2011) , calcium-activated chloride channels of the anoctamin family have been postulated as a candidate mediators of TRPC2-independent VSN signaling (Dibattista et al. 2012; Amjad et al. 2015) .
Vomeronasal neurons are among the most sensitive sensory cells in mammals, revealing pheromone detection thresholds in the picomolar concentration range (Leinders-Zufall et al. 2000) . In general, the spatial organization of signaling molecules in the vicinity of an activated metabotropic receptor determines the speed, sensitivity, and kinetics of the transduction process (Good et al. 2011) . Multi-PDZ domain proteins are critical for a variety of sensory transduction processes. By targeting G protein-coupled receptors, ion channels, and/or cytosolic signaling proteins, PDZ domain scaffolds orchestrate the specific and efficient assembly of multiprotein signaling complexes in designated subcellular locations (Fanning and Anderson 1999) . A prototypical example is INAD (inactivation no after-potential D) and its role in Drosophila visual transduction (Scott and Zuker 1998; Tsunoda and Zuker 1999) . In the mouse main olfactory system, we recently identified the multi-PDZ domain protein (MUPP-1) as a putative organizer of the signaling scaffold (Dooley et al. 2009 ). MUPP-1 forms a protein complex between key olfactory transduction components, thus regulating different aspects of olfactory signaling (Baumgart et al. 2014) .
Here, we provide evidence that scaffolding processes involving PDZ domain proteins could organize vomeronasal signal transduction. We describe the putative vomeronasal "transducisomes" by showing that Na + /H + exchanger regulatory factor-1 (NHERF1) is localized to vomeronasal neuron microvilli and interacts with several V1Rs. Using high-resolution microscopy, we moreover show that the transduction protein Gα i2 and NHERF1 show similar localization patterns in the microvilli of sensory neurons in the rodent VNO.
Materials and methods

Animals
All animal procedures were in compliance with the European Union legislation (Directive 86/609/EEC) and FELASA recommendations. The study was approved by the Lageso (Landesamtes für Gesundheit und Soziales Berlin, T0264/11). C57BL/6 (Charles River Laboratories) were housed at room temperature (RT) in a 12:12 h light:dark cycle with food and water ad libitum.
Polymerase chain reaction screening
Expression of scaffolding proteins was verified by performing a polymerase chain reaction (PCR) with specific oligonucleotides using cDNA from VNO tissue. Mice were sacrificed, and VNO tissue was dissected as described (Hagendorf et al. 2009; Cichy et al. 2015) . Total RNA was extracted (RNA extraction kit; Quiagen), cDNA was generated with a cDNA synthesis kit (Thermo Scientific) according to the manufacturer's instructions. PCR aliquots were prepared by using PCR-Mix buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTP) supplied with 0.5 µM forward primer, 0.5 µM reverse primer, 0.625 U Taq-polymerase (Thermo Scientific), and VNO tissue cDNA. PCR grade water was added (25 µL total volume), and PCR was conducted using an iQ5 PCR-System (BioRad) with the following program: 5 min at 95°C followed by 25 cycles of 1 min 95°C, 30 s of appropriate annealing temperature and 30 s elongation at 75°C. Afterwards, a single step of 10 min 75°C followed by storage conditions at 4°C. PCR products separated by electrophoresis and analyzed in gel under ultraviolet light.
All oligonucleotides were purchased from either Eurofins MWG Operon or Life Technologies in salt-free quality.
Antibodies
Primary antibodies used were as follows: anti-NHERF1 rabbit polyclonal 1:1000 (ab3452, Abcam), anti-Gα i2 rabbit polyclonal 1:500 (sc-13534, Santa Cruz), anti-TRPC2 rabbit polyclonal (Liman et al. 1999) , anti-Ahnak rabbit polyclonal 1:20 (Marg et al. 2010) , anti-OMP goat polyclonal 1:2.000 (544-10001, Wako), anti-Gipc1 goat polyclonal 1:100 (ab5951, Abcam), anti-Lin7c rabbit polyclonal 1:100 (51-5600, Life Technologies), anti-DLG1 mouse monoclonal 1:300 (610874, BD), anti-GFP mouse monoclonal 1:10 000 (11814460001, Roche), anti-HA mouse monoclonal 1:1000 (MMS-101P, Covance). Secondary antibodies used were as follows: donkey anti-mouse Alexa 488 1:500 (A21202, Invitrogen); donkey anti-goat Alexa 568 1:500 (A11057, Invitrogen); goat anti-rabbit OregonGreen 488 1:200 (O11038, Invitrogen); V500 Streptavidin 1:50 (561419, BD); donkey anti-goat Biotin 1:200 (AP180B, Millipore); donkey anti-rabbit Biotin 1:200 (711-065-152, Jackson); donkey anti-mouse Biotin 1:200 (715-065-150, Jackson); goat antirabbit HRP 1:10 000 (170-6515, Bio-Rad); goat anti-mouse HRP 1:10 000 . The antibodies used were tested and/ or referenced in Supplementary Figure 1 .
Immunohistochemistry
Adult mice were sacrificed and decapitated. After dissection, the VNO was incubated in 4% paraformaldehyde (PFA) at 4 °C for 2 h and subsequently in 30% sucrose (in Ringer's solution) overnight, embedded in tissue freezing medium (Leica Microsystems), and stored at −80 °C. Cryosections (10 µm) of the VNO were blocked (phosphate-buffered saline [PBS] + 1% gelatine, 0.1% Triton-X100) for 1 h at RT, incubated with antibodies, and mounted in Prolong Antifade Gold reagent (Life Technologies). Sections were incubated with diluted primary antibodies at 4 °C overnight for immunohistochemistry for subsequent dual-color stimulated emission depletion (STED) analysis. After washing, sections were incubated with diluted biotin-coupled secondary antibodies for 2 h at RT, followed by streptavidin-coupled V500 and OregonGreen 488-coupled secondary antibodies for 2 h at RT (Henkel et al. 2015) .
Dissociation of VSNs
Vomeronasal tissue was dissociated using neuronal tissue dissociation kit from Milteny Biotec according to the manufacturer's instructions . Dissociated VSNs were seeded on polylysine-coated glass slides, fixed with 4% PFA solution for 15 min at RT, and stained as described.
Glutathione S-transferase fusion peptides
Glutathione S-transferase (GST) fusion constructs of the PDZ domains of NHERF1 and DLG1 were generated by cloning each domain into inducible pGEX-6P1 expression vectors (Amersham Pharmacia Biotech), pcDNA3-NHERF1 (gift from Dr D.A. Eisinger, Institute for Pharmacology and Toxicology, LMU Munich) and pCMV-DLG1 (gift from Dr S.-A. Kunde, NeuroCure, Charité Berlin) served as templates. PDZ domain sequences were selected according to Huang et al. (2004) . All constructs were verified by sequencing. Single PDZ domains of PDZ proteins were produced in Escherichia coli BL21 DE3pLysS. Cells were grown in LB media at 37 °C to an OD 595nm of 0.4. Protein expression was induced by supplementing the media with 100 mM isopropyl-thio-β-d-galactoside and further culturing the cells for 3 h. Subsequently, cells were pelleted by centrifugation, and protein was purified via glutathionecoupled sepharose beads (Macherey-Nagel). Accurate protein sizes were verified using sodium dodecyl sulfate (SDS) gel electrophoresis and western blotting using HA antibodies. The protein amount was measured using a Bradford protein assay (Coomassie Plus Protein Assay, Thermo Scientific).
Peptide microarrays
CelluSpots Peptide Arrays (Intavis AG) were blocked for 2 h at RT with 3% protein mixture (3K Eiweiss Shake, Layenberger) in 150 mM NaCl/50 nM Tris/0.1% (v/v) Tween. Arrays were incubated overnight at 4 °C with HA-tagged single NHERF1PDZ domains (~200 ng/µL). Several washing steps were performed using NaCl/ Tris/Tween. Then, microarrays were incubated with anti-HA antibodies (1:1.000) for 4 h at RT and detected with HRP-coupled secondary antibodies using ECL plus (GE Healthcare). Microarray data were obtained using VilberLourmat Fusion Software and spot intensities were quantified. Proteins of interest were ranked according to luminescence intensity. Background was defined as the arithmetic mean of empty array spots. An experiment's cut-off intensity for positive hits was defined as background intensity plus 2× standard deviation of background intensity. Every peptide meeting these criteria in at least 3 independent experiments was considered a positive hit and scored as a potential interaction partner for the PDZ domain of interest.
Interaction of NHERF1 PDZ domains with Vmn1r44 C-terminus
GST-tagged NHERF1 PDZ domains or GST were expressed in E. coli BL21 cells. Proteins were purified as described previously. Vomeronasal receptor Vmn1r44 (NM_053227.2) C-terminus (last 15 amino acids) was cloned into pcDNA3.1 expression vector with an N-terminal GFP fusion sequence. HA tag was added to the Vmn1r44 sequence via PCR amplification with the following primers.
Fwd: GCGGCCGCCtacccatacgatgttccagattacgct ATAATTAAGTTTTTGAGGTCAATG Rev: CTCGAGtcaaatatttgctattctgccacac
The construct was expressed in HEK293 cells, cells were lysed in TN buffer (50 mM Tris-BASE, 100 mM NaCl, pH 7.4), cell debris were removed by centrifugation (20 000 × g, 10 min), and total protein was isolated. Bacterial lysates with GST-tagged NHERF1 PDZ domains or GST as control were pooled with the protein lysate isolated from the Vmn1r44 C-terminus transfected HEK293 cells. The pooled lysates were incubated for 3 h on a rotating shaker. GST-trap beads were added for 1 h to bind either NHERF1 PDZ domains or GST. Afterwards, beads were pelleted by centrifugation and washed 3× with TN buffer. Beads were diluted in SDS-loading buffer and analyzed by western blot. Precipitated vomeronasal receptor C-terminus was detected using GFP antibodies.
Microscopy
Microscopy of stained cryosections was performed using confocal microscopy (TCS SPE and TCS SP5, both Leica Microsystems). Images were further processed using LAS AF and Photoshop, and colocalization analysis was performed using LAS AF (Leica Microsystems).
Dual-color STED-image acquisition
We used a single-depletion laser method for 2-color STED microscopy that permits the use of commercial fluorescent labels (Schmidt et al. 2008 ). V500 and Oregon Green 488 showed the most robust signal in the desired channel without cross-talk (Henkel et al. 2015) and were used for all experiments. Images were taken with a Leica SP5 II laser scanning microscope based on a Leica DMI6000 inverse microscope equipped with an argon laser (458-514 nm), a STED CW depletion laser (592 nm) and 2 Leica HyD detectors. To minimize cross-excitation, we switched excitation lasers between line scans. V500 and Oregon Green 488 emission were detected at 465-500 and 540-585 nm, respectively. To ensure that neither cross-talk nor bleed-through between channels occurs, dual-color immunohistochemistry was accompanied by experiments in which one primary antibody was omitted. After STED image acquisition, LAS AF software was used to calculate a point spread function and subsequently deconvolute the STED image using the LAS AF STED/confocal deconvolution algorithm. In order to evaluate resolution improvement, a confocal image was gathered before every STED image recording with the same image settings.
Western blotting
Vomeronasal tissue was lysed in ice cold buffer (5 mM Tris-HCl, 300 mM sucrose, 0.1 mM ethylenediaminetetraacetic acid + protease inhibitor cocktail [Roche]), cell debris were removed via centrifugation (1500 × g, 15 min), and the supernatant was centrifuged for 35 min at 20 000 × g for membrane protein preparation. The membrane pellet was resuspended in PBS buffer containing 1% CHAPSO (C3649, Sigma), and the same amounts of protein were diluted in 10 µL of SDS-loading buffer (0.02% [w/v] Bromphenol blue, 20% [v/v] glycerol, 4% [w/v] SDS, 200 mM dithiothreitol, 125 mM Tris), separated by SDS gel electrophoresis, and blotted to nitrocellulose membrane (10401196, GE Healthcare). Proteins were detected via specific antibodies using the ECL detection system. We pooled lysates from 6 individual P8 and 3 individual P90 animals for each experiment. Intensities of TRPC2, NHERF1, and GAPDH signals were quantified with Vilber Lourmat Fusion software and normalized to P8 values in at least 3 independent experiments. GAPDH was used as loading control. Afterwards, student's t-test was used to test for significant differences in TRPC2 and NHERF1 expression between P8 and P90 animals.
Results
Screening for vomeronasal PDZ domain-containing proteins
To date, no information about PDZ domain-containing proteins in the VNO is available. We therefore analyzed the expression of transcripts coding for PDZ proteins from our own previously published microarray data (Hagendorf et al. 2009 ) and confirmed expression of the most abundant candidate genes ( Figure 1A ) by RT-PCR ( Figure 1B ). Among these 20 transcripts encoding PDZ domain-containing proteins are 14 genes coding for proteins with known scaffolding function and multiple protein-protein interaction domains.
The most abundant transcript codes for syntenin-1, which is known to bind to adhesion molecules, and to play a role in processes such as cell motility and migration in a variety of cancer types. It also plays a role in synapse formation and stabilization and is most abundant in the period of intense growth in neurons. Because we were mainly interested in candidate scaffolding proteins that may play a role in signal transduction, syntenin-1 was not in our main focus. Intriguingly, NHERF1 (Ardura and Friedman 2011), Dvl1 (Gao and Chen 2010) , and DLG1 (Gardner et al. 2007 ) are known to assemble signaling complexes at the cellular surface in different tissues. Because Dvl1 had so far been exclusively implicated in Wnt signaling, NHERF1 and DLG1 represented the most promising candidates for a regulatory role in vomeronasal signaling. Immunohistochemistry against olfactory marker protein (OMP), a marker protein for mature olfactory neurons, was performed to show the localization of the sensory neuroepithelium. Immunohistochemistry against the proteins encoded by the most abundant transcripts revealed exclusive localization of NHERF1 in the microvillar layers of both, the cavernous tissue and the sensory neuroepithelium. DLG1 also showed microvillar labeling, although less prominent. Other proteins (such as Ahnak, Gipc1, Lin7c) labeled structures in the VNO which were not further investigated, but were not localized to microvilli ( Figure 1C ). Based on its clear subcellular localization, we hypothesized that NHERF1 could serve a putative signaling function.
NHERF1 localization in the VNO
NHERF1 is highly expressed in tissues possessing polarized epithelia, including kidney and small intestine, placenta, and liver (Reczek et al. 1997) . NHERF1 localizes to microvillar structures in these different cells types, such as cells in the proximal kidney tubule (Supplementary Figure 1 and Ingraffea et al. 2002) . It is present in cells of the sensory and in cells on the nonsensory side of the VNO. The sensory epithelium is composed of 2 types of microvillar cells, that is, VSNs and sustentacular cells. To investigate cell type-specific localization of NHERF1, we performed dual-color immunohistochemistry against the OMP, which is expressed in mature VSNs (Figure 2A ). High-magnification images reveal colocalization of both proteins, showing that NHERF1 is localized to VSN microvilli ( Figure 2B ). Because vomeronasal cells are densely packed and therefore microvilli of individual cells are difficult to distinguish in cryosections, we also performed colabeling of TRPC2 and NHERF1 in isolated VSNs ( Figure 2C ). Colocalization with TRPC2 showed specific expression of NHERF1 in vomeronasal neurons and its localization to the microvillar compartment. The antibody used has been tested on hair cells in the cochlea of knock-out mice (Kamiya et al. 2014) , western blot analysis of vomeronasal tissue moreover showed a single band ( Figure 2D ). In addition, colabeling of NHERF1 and the ciliary marker acetylated tubulin in olfactory epithelium showed localization of NHERF1 in microvilli of sustentacular cells, but not in cilia from the sensory neurons ( Figure 2E ).
Upregulation of NHERF1 expression during postnatal development
Localization and spatial arrangement of NHERF1 along the microvillar layer cannot be determined more precisely by conventional diffraction-limited optical methods. We therefore employed STED microscopy, an optical technique that breaks the resolution limit of light microscopy (Dyba et al. 2003) . STED microscopy revealed that NHERF1 is not homogenously distributed, but shows a punctate appearance in the microvilli of the VSNs ( Figure 3A) . Moreover, STED microscopy showed marked age-dependent differences in protein distribution. Although in P8 animals both proteins show a relatively homogenous distribution throughout the microvillar layer, we observed a punctate pattern of NHERF1 expression in the adult VNO ( Figure 3B,C) . This spotted localization pattern suggests a distinct spatial organization of NHERF1 in VSN microvilli.
Notably, an EGFP BAC-transgenic NHERF1 mouse shows prominent labeling of the accessory bulb only in postnatal animals, and also the transcript was found in the accessory olfactory bulb by in situ hybridization (http://www.gensat.org). We performed western blot analysis to investigate the relative expression of NHERF1 in the VNO from prepubertal and adult mice. Protein expression was indeed higher in adult (postnatal day 90) than in juvenile (postnatal day 8) mice. Similarly, expression of the signaling protein TRPC2 is also upregulated (Figure 3D , E).
Interaction analysis of vomeronasal receptor C-termini and NHERF1 PDZ domains
NHERF1 is a 2 PDZ domain scaffolding protein that coordinates the assembly and trafficking of both transmembrane receptors (Cao et al. 1999 ) and ion channels (Naren et al. 2003) . PDZ domain interactions have been well characterized and modes of binding have been grouped into 3 main classes of PDZ binding motifs at the C-termini of interacting proteins (Songyang et al. 1997) , other classification systems have been described more recently (Stiffler et al. 2007; Tonikian et al. 2008 ). Accordingly, we scanned the murine vomeronasal receptor repertoire for putative binding motifs. Nineteen percent of annotated V1Rs contain C-terminal PDZ binding motifs including each of the classes outlined to date (1% class I, 10% class II, and 8% other motifs). Moreover, 38% of annotated V2Rs displayed a PDZ-ligand motif, among them 20% with a class I motif, 16% with class II, and only 2% with other motifs. These results show that a subset of vomeronasal receptors from both V1R and V2R families are putative PDZ ligands and therefore could interact with PDZ domain scaffolding proteins.
To unravel the interaction characteristics of NHERF1 PDZ domains, we analyzed the binding of both single PDZ domains of NHERF1 to V1R and V2R C-termini using a large-scale in vitro approach. We designed a peptide microarray consisting of peptides corresponding to the 15 C-terminal amino acids of 42 V1Rs and 34 V2Rs (Supplementary Table 1 ) and immobilized the corresponding C-terminal peptides onto a cellulose layer. Individual NHERF1 PDZ domains were produced in E. coli and purified via a GST-tag using glutathione-coupled beads ( Figure 4A ). Previously, a similar approach has revealed interaction of olfactory receptors with PDZ domains (Dooley et al. 2009; Jansen et al. 2015) . For interaction studies, we incubated the microarrays with GST-HAtagged NHERF1 PDZ domains ( Figure 4B) . A signal was regarded as positive hit in single experiments if the intensity of the spot was higher than the background intensity (the arithmetic mean of empty spots on the array) + 2× the standard deviation of the background Table 2 ). Every peptide meeting this criterion in 3 independent experiments with each PDZ domain was considered as positive hit and potential interaction partner for the tested PDZ domain.
intensity (Supplementary
Binding partner analysis revealed that more than half of the tested V1Rs can interact with NHERF1 PDZ domains, many of them with both domains ( Figure 4C and Supplementary Tables 2   and 3 ). This is a common feature of NHERF1 ligands, most of which harbor a C-terminus recognition motif binding more or less equivalently to the either PDZ domain (Mahon and Segre 2004; Cushing et al. 2008 ). V2Rs, however, do not seem to be strong binding partners of NHERF1 because we found only few interactions (3 out of 34). Moreover, we detected interaction of FPR-rs3 and FPR-rs6 with PDZ domain 2 of NHERF1.
To confirm binding of V1Rs to the purified PDZ domains we expressed the C-terminus of Vmn1r44 as GFP fusion protein in HEK293 cells ( Figure 4D ). Protein lysates containing the overexpressed Vmn1r44 C-terminus construct were then incubated with different GST-tagged NHERF1 PDZ domains. After GST pull down, we probed for the Vmn1ra44 C-terminus with a GFP antibody using western blot. Corresponding to microarray analysis, Vmn1r44 C-terminus did interact with both PDZ domains ( Figure 4D) .
We also tested binding of the PDZ domains of DLG1, the other PDZ domain-containing protein identified in our initial screening that we found to be localized to microvilli of the sensory neurons. The protein contains 3 PDZ domains, which were produced in E. coli and purified via GST tags using glutathione-coupled beads ( Figure 4F ), interaction with the microarrays was probed as described for NHERF1 (example in Figure 4G ). Few V1R receptors showed interaction with PDZ2 from DLG1, but not with PDZ1 or PDZ3. V2Rs, however, do also not seem to be strong binding partners of DLG1; interactions with FPRs were not detected ( Figure 4H and Supplementary Table 4 ). These findings show that C-termini of the different receptors expressed in sensory neurons of the VNO interact with some degree of specificity with NHERF1 PDZ domains in vitro.
Colocalization of NHERF1 with Gα i2
Due to the fact that we detected interaction of NHERF1 with V1Rs, we investigated colocalization of NHERF1 with Gα i2 , the G protein that is coexpressed with V1Rs in apical VSNs, in cryosections from vomeronasal tissue. In overview, confocal pictures NHERF1 colocalized with Gα i in the microvilli, which were visualized with fluorescent phalloidin ( Figure 5A ).
Due to the high density of neurons in the VNO, separation of microvilli from apical and from basal VSNs (expressing Gα o ) is difficult in overview pictures. To unambiguously identify coexpression, we labeled dissociated sensory neurons with NHERF1 and Gα i2 and confirmed coexpression of both proteins in the same VSNs ( Figure 5B) . Next, colocalization analysis was performed in highmagnification confocal pictures of cryosections of VNO stained for both G proteins (Gα i2 and Gα o ) together with NHERF1. Regions of the microvillar layer were selected as region of interest (ROI) ( Figure 5C,D) , and intensities were calculated for all 3 colors. High intensities for 2 colors in the same pixel indicated colocalization of both proteins ( Figure 5E,F) . As expected, we did not find colocalization of both G proteins when analyzing ROIs from 6 different cryosections from 3 individual animals. By contrast, we found marked colocalization of NHERF1 with Gα i2 ( Figure 5G ) and with Gα o (Figure 5H ). Thus, NHERF1 is expressed in microvilli from Gα i2 expressing apical sensory neurons. NHERF1 did also colocalize with Gα o , although V2Rs do not seem to be strong binding partners (Figure 4) .
Because we found NHERF1 to be localized to discrete spotlike structures in VSN microvilli ( Figure 3A) , we investigated whether Gα i2 also shows similar localization pattern using 2-color STED microscopy. Although confocal images showed a rather uniform NHERF1 localization in the microvillar layer (Figure 2) , STED microscopy revealed that not only NHERF1 but also Gα i2 appears to be organized in a pattern of spot-like structures along microvilli, and was not distributed homogeneously ( Figure 5J ). Individual clusters were counted in randomly selected areas of 5 µm 2 . A total region of at least 310 µm 2 was evaluated for each protein in 3 individual animals. For both proteins, spots were detected at similar abundance (Gα i2 4.29 ± 0.06 spots/µm 2 ; NHERF1 4.06 ± 0.11 spots/µm 2 ). Together these data suggest that, at least in apical VSNs, some signaling proteins are not homogenously distributed, resembling transducisomes in cilia of the olfactory epithelium.
Discussion
Scaffolding proteins orchestrate signaling processes through proteinprotein interactions (Good et al. 2011) . Bringing interacting proteins in close proximity, they build functional units to facilitate signaling events (Zeke et al. 2009 ). The PDZ scaffolding protein MUPP-1 organizes a macromolecular assembly of signal transduction components in mouse olfactory neurons (Baumgart et al. 2014 ).
Similar processes may also play a role in VSNs, which operate at remarkably low stimulus concentrations. Here, we report vomeronasal expression of the PDZ domain-containing scaffolding protein NHERF1-a putative molecular hub for vomeronasal signal transduction.
PDZ proteins expression profiling in the VNO confirmed of at least 15 transcripts. Because vomeronasal signaling occurs in sensory microvilli, we analyzed the subcellular localization of selected proteins. AHNAK, GIPC1, and LIN7C did not localize specifically to the apical compartment, indicating no direct role in signal transduction. By contrast, NHERF1 and DLG1 were localized in the microvillar layer. Moreover, an age-dependent increase in vomeronasal NHERF1 expression paralleled TRPC2 levels, pointing toward a functional role of NHERF1 as the VNO continues to develop until mice reach sexual maturity (Horowitz et al. 1999) .
NHERF1 is enriched in extensively polarized epithelia such as found in kidney, placenta, and liver (Reczek et al. 1997) and is generally described as a brush-border protein. NHERF1 assembles multiprotein complexes that modulate trafficking, transport, and signaling in polarized cells (Ardura and Friedman 2011) . Student's t-test was used to compare juvenile and adult mice. NHERF1: P < 0.001, n = 3; TRPC2: P < 0.05, n = 5. Scale bars: A: 3 µm complete VSN, 0.5 µm higher magnification; B, C: 2 µm.
NHERF1, for example, recruits G protein-coupled receptors and ion channels into macromolecular complexes (Naren et al. 2003 ) and mediates PLC signaling by activated parathyroid hormone receptors (Capuano et al. 2007) .
The majority of PDZ interactions are determined by the C-terminal sequence of the PDZ ligand. We identified several PDZ-ligand motifs (Songyang et al. 1997; Stiffler et al. 2007; Tonikian et al. 2008) Other studies also showed that PDZ domains do not fall in discrete classes but are distributed throughout the selectivity space (Stiffler et al. 2007 ). Furthermore, extensive interaction studies in Caenorhabditis elegans revealed frequent noncanonical interactions between PDZ domains and their binding partners, indicating the extreme fine-tuning of PDZ-ligand interactions (Lenfant et al. 2010) .
We designed a vomeronasal receptor interaction microarray to probe binding to purified NHERF1 PDZ domains. Our high-throughput approach showed that approximately half of the tested V1Rs are potential NHERF1 interaction partners, whereas only few V2R C-termini were scored positive. We further verified one of these interactions by coimmunoprecipitation of the C-terminus of vomeronasal receptor Vmn1r44 with both PDZ domains of NHERF1. Moreover, colocalization studies with Gα i2 , which is only present in apical vomeronasal neurons, clearly demonstrated the presence of NHERF1 in apical V1R-expressing cells. On the other hand, purified PDZ domains of the other PDZ scaffolding protein, which we found to be expressed in microvilli of VSNs, DLG1, did only interact with few V1Rs and V2Rs (summarized in Supplementary Table 5) .
NHERF1 may promote G protein-mediated signaling in VSNs, similar as in other cellular systems. By tethering Gα q and its effector PLC in the vicinity of thromboxane A 2 receptors, NHERF1 regulates signal transduction (Rochdi et al. 2002) . NHERF1-receptor interaction can directly affect receptor coupling to specific G proteins. For example, NHERF1 increases stimulated PTH receptor coupling to Gα q , but not to Gα s or Gα i2 (Wang et al. 2010) . Cytoskeleton interaction further allows NHERF1 to function as an anchor for putative signaling complexes in microvilli. Although NHERF1 has only 2 PDZ domains, multiple downstream cascade proteins could be recruited into the signaling complex through additional scaffolding proteins. Such interactions of NHERF1 with other scaffolding proteins have been described. NHERF1 can, for example, bind PDZK1 as a PDZ ligand (LaLonde et al. 2010) . Therefore, NHERF1 could be part of a signaling network in vomeronasal microvilli, similar to microvilli in the kidney or intestine.
The idea that vomeronasal signal transduction is organized through interaction with PDZ scaffolding proteins is further supported by super-resolution analysis. STED microscopy of NHERF1 and Gα i2 revealed a nonhomogenous microvillar distribution, which resembles the localization patterns of anoctamins and CNG channels in olfactory cilia (Henkel et al. 2015) . The localization in morphologically similar, discrete clusters can be observed for both proteins in vomeronasal microvilli. Moreover, there was no significant difference between the numbers of NHERF1 and Gα i2 -positive foci. Colabeling of Gα i2 and NHERF1 revealed that the spot-like structures were closely associated, but did not completely overlap. A similar pattern of closely associated spot-like structures that do not completely overlap was observed in STED microscopy of CNGA2 and CNGA4 in olfactory cilia (Henkel et al. 2015) , and in this case, both proteins are parts of a tetrameric structure (Zheng and Zagotta 2004) . Together, our data showed colocalization of Gα i2 and NHERF1, indicating that both proteins could be part of a signaling complex.
Conclusion
In the present work, we identified expression of several PDZ scaffolding proteins in the VNO and demonstrated interaction of the PDZ scaffolding protein NHERF1 with type 1 vomeronasal receptors. Moreover, we found NHERF1 and Gα i2 in the VNO are organized in spatially segregated clusters along the microvilli. Taken together, these data lend support to our hypothesis that vomeronasal signal transduction could be regulated through interaction with PDZ scaffolding proteins.
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